Three-dimensional characteristics of unsteady flow in supercritical transonic diffuser are investigated. For various pressure ratios three-dimensional flow containing a normal shock/turbulent boundary layer interaction regions with shockwave and pseudo-shockwaves fluctuating in longitudinal and spanwise directions is observed. Experimental and numerical investigations show details of the flowfield in the vicinity of terminal shock, interaction regions and downstream turbulent unsteady flow. Spectral analysis of pressure fluctuations reveals existence of two characteristic frequencies attributed to the shockwave fluctuation in longitudinal direction for the lower frequency case and acoustic resonance in spanwise direction for the higher one. Vortices appear at each corner in transversal sections modifying the core flow. As a result, size and depth of longitudinal and vertical penetration of separation regions impelled by the terminal shock is either increased or decreased.
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Introduction
Transonic flow instabilities pose serious problems for the development of fluid machinery as they can yield to strong fluctuations. Shockwave fluctuations along with strong wall pressure fluctuations may be a reason of severe structural vibrations. For example, in rocket nozzles and transonic diffusers of aerospace engines, the flow instabilities may become a cause of engines damage 1) . In valves and high-pressure pipeline systems of industrial plants, noise and vibration are often attributed to the same phenomena 2) . It is considered that transonic flow instabilities are mainly caused by so-called shock-boundary layer interactions. Sudden pressure rise around the shockwave causes the boundary layer separation. Inversely the boundary layer deforms the shockwave. As a result of such interaction, vortices may appear from the separation point and disturb the shockwave furthermore.
Flows in convergent/divergent nozzles model those portions of subcritical and supercritical nozzle flows that pose the most difficult prediction problems. In this case, dynamic aspects of such flow instabilities are manifested in practice in pressure oscillations in inlets of air-breathing engines 3, 4) , overexpanded supersonic nozzles for launch vehicles, and certain types of industrial equipment 5) . The abovementioned transonic flowfield is highly tangled and more detailed research work is needed to understand and explain constituent phenomena in order to enhance the reliability of the fluid machinery equipment.
A number of analytical studies have been performed about the interactions of acoustic and shockwaves in supersonic diffusers where normal shock small amplitude motions and its response to acoustic oscillations where studied in a one-dimensional flow 6, 7) . A one-dimensional stability analysis was performed for the investigation of self-sustained shock oscillations in various diffusers 8) . A number of experimental investigations have treated shock-induced flow separations and shock wave /acoustic wave interactions with self-induced and forced oscillations [9] [10] [11] [12] [13] [14] [15] . A series of numerical investigations have been performed on unsteady diffuser flows with pressure oscillations and shock waves formation [15] [16] [17] [18] . Some of the unsteady flow phenomena were treated in simplified two-dimensional models, but not all of them can be explained utilizing two-dimensional approach.
Present work is a result of three-dimensional analysis of unsteady flow and separated jet in convergent/divergent nozzle with rectangular cross section. Experimental and numerical investigations were conducted to clarify details of the flowfield in the vicinity of the terminal shock, region of the shock/boundary layer interaction as well as separated flow and a core flow structure further downstream. The unsteady flow is also visualized with a high-speed Schlieren video.
Experimental Equipment and Procedures

Experimental arrangement and facility
Experiments are carried out with a supersonic wind tunnel shown in Figure 1 consisting of a compressor with an integrated air drier, a pressure reservoir tank, an automatic control valve, a test section and outlet extensions to atmosphere via silencer. Maximum pressure of the pressure tank and the initial pressure for each experiment is 4.6 MPa.
The flow starts by opening the control valve upstream of the test section and stabilizing a mean value of the pressure in the test section at a value less than 1.0 MPa. Working gas accelerates to supersonic in the test model.
Experiments are carried out with four pressure ratios (PR=inlet pressure P i /back pressure P b ) of 1.5, 1.6, 1.8 and 2.0. Unsteady wall pressures (P tw , P bw , P sw ) are measured at the top, bottom and side walls of the diffuser model. 
Test section
The test section shown in Figure 2 is a convergent/divergent channel with a flat bottom and a contoured top wall. A i /A th and A o /A th which are inlet-to-throat and exit-to-throat area ratios of the test diffuser are both 1.6. The throat location and the bottom wall correspond to the origin of streamwise x and vertical h coordinates respectively. Two pairs of observation windows are mounted as a part of side walls of convergent/divergent section and at the top and at the bottom of the downstream straight duct. Such assembly enables three-dimensional visualization of the flowfield.
Instrumentation and data acquisition
Top and bottom walls host 72 pressure taps for wall-pressure measurements. Side wall windows in the vicinity of the throat and the top and the bottom observation windows downstream of the throat can be substituted with steel plates containing orifices enabling further wall pressure measurements in visualized regions. Twelve channels of wall pressure data sampled at 10 kHz rate are recorded simultaneously during one experimental cycle. The frequency response of pressure transducers is 50kHz. Flow visualization utilizes Schlieren system with images and video recorded by means of a high-speed CCD camera at acquisition rate of 13500 frames per second. Figure 3 shows computational model created for numerical simulation, with two-dimensional views of the whole computational region and magnified throat area presented in Figures 4 and 5. The computational region contains straight inlet duct, convergent/divergent section, downstream duct and an extension corresponding to the downstream of the outlet pipe. The following boundary conditions are applied. At the inlet, a total pressure and a total temperature are fixed assuming subsonic inflow. At the outlet the static pressure is fixed at P b =101 kPa. The top, the bottom and the side walls are treated as adiabatic and non-slip. 
Numerical Simulation
Computational domain
Numerical method
Numerical schemes of the simulation are based on a finite difference method of three-dimensional Navier-Stokes equations. Simple High-resolution Upwind Scheme 19) (SHUS) with 5th order Weighted Compact Nonlinear Scheme are adopted for convective terms 20) . A 6th order Compact scheme is used to calculate viscous terms. Detached Eddy Simulation (DES) model based on Spalart-Almaras model is adopted as a turbulence model 21) . As a time integration scheme, a second order three points backward implicit difference scheme with Lower-Upper Symmetric-Gauss-Seidel algorithm (LU-SGS) is applied 22) . In both images the shockwave is clearly seen in the center. Two smaller shocklets downstream of the main shock appear in between separation regions on the top and the bottom walls. The position and size of the separation bubbles and boundary layers as well as locations and shapes of the shock-and pseudo shockwaves are well predicted by CFD and almost exactly correspond to the ones of the experimental result.
Verification of numerical procedures
The top and the bottom wall pressure distribution for experimental and computational data obtained for pressure ratios of 1.5 and 2.0 are compared in Figures 7 and 9 respectively.
Points corresponding to experimental values fall close to the graphs obtained by the means of numerical simulation which makes it possible to conclude a good agreement. Figures 10 and 11 compare power spectrums of wall pressure fluctuations at two pressure ratios. In this case measurements are taken along the central line of the diffuser channel (z=0.06 m) on the top and the bottom walls. Basically, low frequency spectral peaks of less than 500 Hz and high frequency ones of about 1200 Hz appear in numerical and experimental results. However experimental results do not always reflect existence of the high frequency component (as shown in the Figure 11) . Numerical results show that pressure fluctuations of lower frequencies are caused by the shockwave oscillation while acoustic resonance is the cause of the latter higher frequency ones. It is not clear yet why the peak of power spectrum due to the acoustic resonance does not appear on the top wall. The possible reason is the bigger size of the top wall separation region than that of the bottom wall at the transducer location. Some diversity in physical values (31Hz difference in the values of acoustic resonance frequencies at PR=1.5 and 22Hz difference for shockwave fluctuation frequency at PR=1.8) is possible to accept due to the equipment and measurements accuracy and possible differences in the actual flow distribution conditions at the inlet of the real and numerical models. 
Unsteady Flow Characteristics
Characteristic frequencies
Three-dimensionality of the shockwave
Three-dimensional behavior of the shockwave is observed in visualization results. Images in the Figure 12 are snapshots of Schlieren visualization of the flowfield at PR 1.5 and their corresponding schematical representations. Time lapse between two consequent images is 1/1125 seconds.
Starting from the first image one or several lambda-shaped contours appear near the shockwave blurring its outline in image (2) . This process continues and two shockwaves shifted relatively to each other become visible in image (3). However, this is the same shockwave located asymmetrically in transverse direction. Indistinct regions in the vicinity of shockwave contours are views of the same shockwave at different angles as parts of it shift relatively to each other in opposite longitudinal directions. Finally the shockwave transforms back to its original view what is seen in image (4).
The phenomenon demonstrates again that the flow in the convergent/divergent diffuser channels clearly manifests three-dimensional behavior and therefore should be treated in a corresponding manner.
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Flow instabilities in transverse coordinates
A comparison of instantaneous flowfields in cross-sections at several locations along the axial direction of the diffuser channel is performed. Comparing the results for the both pressure ratio cases, a conclusion can be made that the separation patterns in the central plane are different. For the pressure ratio 1.5 the core flow separates mainly on the top wall. At PR=1.8 however, separation regions appear on both the top and the bottom walls. Such a discrepancy is supposedly caused by the differences in strength of the shockwave and intensity of the shockwave/boundary layers interaction due to a disparity of the maximum Mach number values. The difference in the strengths of the shockwaves also influences vortex structures on the side walls. Figure 17 shows instantaneous images of top views of Mach number contours obtained at PR 1.5 and 1.8 at y=0.020 m and x=0.025-0.220 m. The flow is from left to right. Shock/boundary layer interactions on the side walls are stronger for pressure ratio 1.8. In this case separation regions on the side walls are larger and penetrate deeper into the core flow. From this figure it is also possible to conclude that vortices on the side walls are stronger for pressure ratio 1.8 and have more intense interaction with the top wall. As a result, separated core flow reattaches on the top wall almost in entire spanwise direction. As it was also mentioned before, with an increase in pressure ratio pseudo shockwaves become stronger and acquire more clear and complete geometrical shapes and order. Noticeably, the bottom of the vortex seen in section K-K of the Figure 13 is observable in the downstream region in the case of pressure ratio 1.5. 
Flow patterns in horizontal planes
Conclusion
Present work incorporated experimental and numerical investigation of three-dimensional characteristics of unsteady flow in supercritical transonic diffuser. Flow structures in the vicinity of the terminal shock, including the shock/boundary layer and shock/shock interactions were analyzed.
Two modes of the pressure fluctuation were distinguished. The low frequency fluctuation, which is the result of the shockwave oscillation in longitudinal direction and the high frequency one, which is the acoustic resonance in spanwise direction.
Numerical code was verified by comparison with experimental results. However, numerical results which are able to predict a wider range of frequencies sometimes show high frequency components which are not distinguishable in the course of experiments.
For higher pressure ratios the intensity of the shock-boundary layer interaction on the top wall, on the bottom wall and the side walls is increased.
Vortices appear on the side walls of diffuser channel. These vortices induce vertical momentum on the core flow. As a result, the boundary layer separation on the top wall is partially suppressed and the separation on the bottom wall is enhanced.
It is ascertained through experiments and numerical simulation that the shockwave shows clearly three-dimensional behavior.
